A systematic study of the standard SPICE model of the diode in the case of simulations of power diodes in power electronic applications shows the limits of accuracy with respect to experiments. Therefore, the interest in such a model in power electronic applications is comparable to the high-low resistance model.
I. INTRODUCTION
Physics-based models of the power p-i-n diode [2] - [5] are available only in a few circuit simulators. However, the standard SPICE model of the p-n junction is available in all the SPICE-like circuit simulators. This letter covers a systematic study of the validity of the standard SPICE model of the diode in the case of simulations of power diodes in power electronic applications. Simulations in power electronics are often performed using high-low resistor models. It is well known that such a model is not satisfying for power electronic applications, because the structure of such diodes differs form the structure of low-power diodes [1] . However, no systematic study of the model practical validity is available in the literature.
II. WORKBENCH FOR DIODE TURN-OFF MEASURMENTS
Obviously, simulations need to be compared with measurements. In most power electronic applications, power diodes are submitted to turn-off and turn-on phases under inductive load switching conditions. It is well known that the turn-off of the power diode is very difficult to estimate by means of simulation [6] . Therefore, we focus on the measurement of the power diode turn-off. The circuit in Fig. 1 enables efficient measurements of the power diode turn-off under inductive load conditions. The circuit design meets two main constraints. First, the diode losses must be limited. Second, the turn-off conditions must be accurately controlled in terms of forward current and reverse applied voltage. The applied reverse voltage is controlled by a first power supply in voltage mode. The forward current is controlled by a second power supply in current mode. To avoid the self-heating of the diode, the current coming from the current source has to flow through another path most of the time. An insulated gate bipolar transistor (IGBT) Q (IRGPH40F) and a MOSFET M (IRF 740) are used in place of a single switch to bypass the current most of the time. The inductors and ( Fig. 1 Publisher Item Identifier S 0278-0046(01)06289-X. time (Fig. 2) . The MOSFET is turned on before the IGBT is turned off. Then, the MOSFET turns off and the diode becomes forward biased for a short time. Finally, using such a technique, the diode is associated to the fast switch during its turn-off, without any significant self-heating.
The current flowing through the diode is measured with an aselfic shunt (by T&M Research) of 1.2-GHz bandwidth, placed in series with the diode anode. The voltage drop across the diode is obtained by computing the difference between the anode and cathode voltage values where and are the anode and cathode voltages obtained by 500-MHz voltage probes (Tek P6139A), placed at the diode pins nearest to the diode case. This technique enables reduction of the parasitic stray inductance of the diode pins. The measured waveforms and are obtained with an oscilloscope (Tek TDS744A). Then, they are analyzed to obtain the main transient parameters, like , , , , and , as shown in Fig. 3 .
III. EXTRACTION OF THE PARAMETERS OF THE DIODE SPICE MODEL
We have chosen to fit the model parameters with the turn-off conditions to obtain the best simulation results. The proposed estimation procedure is based on the comparison of the transient waveforms and during the diode turn-off, between measurements (obtained in Section II) and simulation results using the SPICE model. The curve fitting addresses only the turn-off phase.
The role of each parameter with respect to the turn-off phase is analyzed before the discussion of the parameter estimation procedure.
A. Role of the Circuit Parameters
The Kirchhoff's voltage law for the loop comprising the source , the diode, and the MOS ( Fig. 1) yields (1) The first step is to fit the simulated current to the measured current before the reverse voltage becomes negative. In this phase, the diode voltage is very low due to the on state. Therefore, and are negligible with respect to . Hence, the forward current , the MOSFET drive , and the rise time of the controlled signal have to be fitted to obtain a good agreement on the current waveform. Obviously, the parasitic inductance has to be estimated carefully since it controls the current rate to some extent. In this case, nH. The circuit parameters are estimated only once. The values are kept unchanged, regardless of the diode under test and the operating conditions ( and ).
B. Parameters of the Diode SPICE Model
The standard SPICE model of the diode is given in [7] . This model represents a p-n junction. The space-charge region is represented by the junction capacitance where , , and are classical model parameters. The minority carrier storage is modeled by the charge computed as where is the transit time (the minority carrier lifetime) and
is the current in static condition, given by the classical relation (3) where is the saturation current, is the emission coefficient, and is the thermal potential. The first two parameters, and , are estimated from the static characteristic of the device. Our systematic analysis of the role of the model parameters on the turn-off behavior has shown that the three main parameters are , , and . The other parameters do not act significantly on the turn-off behavior if acceptable values of the parameters are used with respect to their physical meaning. For instance, the serial resistance acts on the damping behavior of the Fig. 3 . The thin curve corresponds to the simulation of the BYT12 600 turn-off for the operating condition: A, V. The bold curve corresponds to measurements at the same conditions. Main transient parameters describing the p-i-n diode turn-off are superimposed. turn-off, but only for very large values that are not relevant to the physical knowledge nor the static characteristic. Obviously, the breakdown voltage parameters and are set in agreement with the device characteristics.
The simulation circuit is given in Fig. 4 In the following, the set of optimal parameter values corresponds to the BYT12p600 power diode.
The parameter acts on the minority carrier storage inside the n-neutral region of the p n junction. However, the physical phenomenon in the low doping region of a power p-i-n diode is classically the high-level injection characterized by the ambipolar lifetime, but this phenomenon is not modeled in the standard SPICE model. Therefore, a common idea is to modify the value of the parameter to obtain the behavior of the p-i-n diode. Fig. 5 shows the influence of parameter on the turn-off waveforms. The values and increase weakly and decreases for increasing values of the zero-bias capacitance . Fig. 6 shows that the transient parameters and decrease and increases highly for increasing values of the grading coefficient . Fig. 4 . Principal circuit for the measurements. This is also the simulation circuit.
Fig. 5. Influence of parameter
on the diode turn-off obtained by simulation of the standard SPICE model of the diode. The base parameter set is the optimal set for the BYT12 600 ( Fig. 3 ).
IV. ANALYZING THE "OPTIMAL" CASE
It appears that a correct fitting of both curves and is impossible. Therefore, we have chosen to perform a fitting that enables the simulation to estimate correctly the current waveform. A set of "optimal" parameter values may be obtained by fitting experimental data. The optimization criterion is the sum of relative error on and . Fig. 3 shows the comparison between measurements achieved on a BYT12 600 diode in the case where A and V, and the corresponding simulation for the optimal values of the parameters ns, nF, and . Moreover, some parameters have been set to nondefault values: m , A, V, and A. Fig. 3 shows the agreement between measurement and simulation for the first reverse peak in the current waveform. The agreement for the values of and is very good. However, the agreement on the reverse voltage peak is not good and the error on the transient parameter is about 66%. Unfortunately, no set of parameter values enables reduction of the latter error. Moreover, the damping behavior of the experimental curve is not correctly estimated by the simulation. Indeed, Fig. 6 . Influence of parameter on the diode turn-off obtained by simulation of the standard SPICE model of the diode. The base parameter set is the optimal set for the BYT12 600 ( Fig. 3 ).
whatever the values of the parameters , , and , we have never found such a damping behavior.
V. ON THE VALIDITY DOMAIN OF THE STANDARD SPICE MODEL
We have just shown that it is possible to identify values of the SPICE model parameters from a fitting with a diode turn-off for and transient parameters. The obtained results are not completely satisfying, but they give quite good results regarding the estimation of the current waveform. We have tried also to study whether the simulation continues to give partially acceptable results in the case of other experimental conditions. Indeed, the agreement is no longer acceptable, even in the case of the current waveform.
VI. CONCLUSION
We have developed a workbench for the characterization of the diode-switching behavior inside a power electronic application. The workbench enables a systematic measurement of the diode turn-off for a large range of forward currents and reverse applied voltages.
Then, an identification procedure of the parameters of the standard SPICE model of the p-n junction was proposed. It has been shown that, for a given operating condition, good results may be obtained for the current waveform. However, the results are not satisfactory for the voltage waveform. Moreover, the agreement is bad for any operating condition different from the identification case.
Finally, the standard SPICE model is not useful for the simulation of power electronic applications. Therefore, the usefulness of the diode SPICE model is comparable to the high-low resistance model.
Our conclusion does not differ from common knowledge, but the main results are to be found in the systematic study of the diode SPICE model.
I. INTRODUCTION
Conventional direct torque control (DTC) has the drawbacks of high torque ripple, variable switching frequency, and the mean torque output not matching the torque demand [1] . Several papers propose methods for overcoming some of these problems [1] - [4] . However, the techniques either erode the simplicity of DTC by utilizing a machine model to predict the rate of change of torque, or require high sampling rates in order to maintain effective control.
This letter presents a simple duty-cycle control scheme that controls the average torque to be equal to the lower hysteresis limit using a duty-cycle controller. Analysis of the nonlinear effects in DTC, supported by experimental results, demonstrates that this technique reduces torque ripple, particularly in the low-speed region, controls the mean output torque, and reduces the variation in switching frequency. A list of symbols used in this letter is given in Table I .
II. FLUX AND TORQUE CONTROL WITH DTC
The equation for electromagnetic torque in an induction machine can be written as (1) In DTC, voltage-vector selection is limited to the eight available from the inverter including the two zero voltage vectors. The stator flux magnitude can be controlled by selecting one of the available voltage vectors that will move the flux in the desired direction. Torque can be in- Publisher Item Identifier S 0278-0046(01)06290-6.
the whole of the sampling period, then the resulting increase in torque can be significant, giving a large torque ripple. It is proposed that a duty-cycle control scheme is implemented to reduce the torque-ripple magnitude.
III. EFFECT OF NON-LINEARITIES ON RATE OF CHANGE OF TORQUE
The change of torque over an arbitrary time period is given as (2) where (in the stator-flux-oriented reference frame) and
In DTC, the flux plane is divided into six 60 sectors allowing selection of the appropriate voltage vector. Assuming that, in the steady state, the hysteresis limits are set to reduce torque with a zero voltage vector, then only two active voltage-vector selections are possible, increasing torque/increasing flux, or increasing torque/decreasing flux. Fig. 1(a) shows the variation in for each possible voltage vector as the flux position varies in two flux sectors. The effect of this voltage variation on the rate of torque increase can be calculated from (2) and (3). Fig. 1(b) shows the possible maximum and minimum rate of change of torque when a voltage vector is applied and the decrease of torque when a zero voltage vector is applied. This is based on a torque angle of 17 , which gives rated torque for the test machine, an applied voltage magnitude of 300 V, and 100% duty cycle (as in conventional DTC). From Fig. 1(b) , the increase of torque is significantly higher than the decrease of torque, particularly at low frequencies, resulting in a high torque ripple and reduced switching frequency.
To address this problem, it is proposed that a duty-cycle control scheme is implemented which controls the average torque increase when a voltage vector is applied to match the torque decrease when a zero voltage vector is applied. Using this method, Fig. 1(c) shows the possible maximum and minimum rate of rise of torque when a voltage vector is applied and the rate of decrease of torque when a zero voltage vector is applied. The scheme reduces the rate of increase of torque, particularly at low frequencies. The variation in torque increase is also reduced.
IV. DUTY CYCLE CONTROL SCHEME
Consider operation of DTC where the scheme is used to control the average torque to be equal to the lower hysteresis limit and the torque is allowed to decay naturally. If the duty cycle is correct and the average torque increase matches the average torque decrease, then the mean torque matches the lower hysteresis limit. If the duty cycle is too long, then the average torque increase will be higher than the average torque decrease, and the mean torque will become higher than the hysteresis limit. If the duty cycle is too short, then the average torque increase will be too low, and the mean torque will become lower than the hysteresis limit. By varying the duty cycle to control the average output torque to be equal to the lower hysteresis limit, the conditions for reduced torque ripple will be met. The scheme can be implemented by adding a simple duty-cycle control system to the DTC architecture. The lower hysteresis limit is set to be equal to the torque reference . The torque error drives an integrator which adjusts the duty cycle. The resulting DTC architecture is shown in Fig. 2. 0278-0046/01$10.00 © 2001 IEEE
